A BSTRACT : To characterize individual differences in neuroendocrine and neurochemical correlates of stress coping, two lines of wild house mice were studied. These mice are genetically selected for high and low aggression and show distinctly different behavioral strategies toward environmental stimuli. Long attack latency (LAL), low aggressive mice display a passive coping style, whereas short attack latency (SAL), high aggressive mice show an active coping style. It was hypothesized that this difference in behavioral coping style is associated with differences in stress system reactivity. This was tested by investigating the regulation of the hypothalamus-pituitary-adrenal (HPA) axis and the serotonin (5-HT) system and hippocampal cell proliferation rate in these mice under baseline and stress conditions. Baseline corticosterone output in LAL mice was found to be more sensitive to adrenocorticotropic hormone, but showed less day/night variation than in SAL mice. Furthermore, LAL mice showed lower hippocampal 5-HT 1A receptor gene expression and function. Basal hippocampal cell proliferation rate was slightly lower in LAL than in SAL mice. Exposure to acute stress (forced swimming for 5 min) resulted in a hyperreactive HPA response, a reduced increase in brain 5-HT metabolism, and an almost 50% reduction in hippocampal cell proliferation rate in LAL compared with SAL mice. Chronic psychosocial stress (sensory contact stress) induced long-lasting changes in the HPA axis in LAL, but not in SAL mice. In conclusion, these studies show that a genetic trait in behavioral coping style in wild house mice is associated with differences in HPA regulation, 5-HT neurotransmission, and hippocampal cell proliferation rate. The results further indicate that LAL mice have a higher stress responsivity than SAL mice. These results may have implications for a differential susceptibility for stress-related mood disorders.
INTRODUCTION
The way animals, including humans, cope with stressful events shows considerable individual variation. This variation may underlie a differential vulnerability to develop stress-related pathologies. Why some individuals are more likely to suffer from stress-related pathologies than others under seemingly similar conditions is an unresolved phenomenon. Further knowledge about how individuals can differ in their responses to stressors can be helpful to understand the relationship between stress and the individual vulnerability for stress-related mood disorders like depressive illness.
To study individual differences in coping, two lines of male wild house mice ( Mus musculus domesticus ) were used. Mice were maintained at the University of Groningen, the Netherlands. They were selected for long attack latency (LAL, low to nonaggressive), and short attack latency (SAL, high aggressive). The original colony descended from four males and three females caught from the wild in 1971. Until 1973, the mice were bred at random, after which selection for attack latency started with 21 males and 21 females. All young adult males (92-100 days of age) are tested for their attack latency. 1 In this test, a LAL or SAL male is confronted with a standard nonaggressive opponent male of an inbred albino strain (MAS-Gro) at the border of its home cage. The time it takes before a LAL or SAL mouse attacks the nonaggressive opponent (with a maximum duration of 600 s) is measured on three consecutive days. The attack latency score is the mean of these daily scores. Subsequent findings suggest strongly that this difference in attack latency is part of a more general difference in behavioral strategy toward environmental challenges. The LAL mice display a passive coping style, whereas the SAL mice display an active coping style. [2] [3] [4] [5] [6] [7] In view of these profound differences in behavioral traits, the LAL and SAL mice present an interesting animal model to study whether these behavioral differences are paralleled by differences in stress system reactivity and to study the ability to cope with acute and chronic stressors. It is hypothesized that a difference in behavioral coping style is associated with a difference in stressor reactivity and hence a difference in stressor susceptibility.
The focus of the studies was on two systems involved in stress adaptation and in depression (i.e., the hypothalamic-pituitary-adrenal [HPA] axis and the serotonergic [5-hydroxytryptamine, 5-HT] system). Because the HPA axis and serotonin affect hippocampal cell proliferation, we expected to see differences in this parameter as well.
Our results demonstrate that a line difference in behavioral coping style, as expressed in the LAL and SAL mice, is associated with a difference in HPA (re)activity, 5-HT 1A receptor functioning, and hippocampal cell proliferation under basal and stress conditions. In general, LAL mice showed a higher stressor susceptibility than SAL mice.
Line Differences under Basal and Acute Stress Conditions

HPA Axis
To investigate whether a difference at the behavioral level was associated with a difference in HPA axis (re)activity, the LAL and SAL mice were characterized for their neuroendocrine pattern under baseline and acute stress conditions. Under baseline conditions, LAL mice showed consistently lower ACTH levels, whereas corticosterone levels were not different from SAL mice. 8 After exposure to an acute stressor, LAL and SAL mice showed a similar stress-induced increase in ACTH (15 min after forced swimming for 5 min), whereas stress-induced corticosterone concentrations were significantly higher in LAL than in SAL mice. 8 These results demonstrate a line difference in adrenocortical sensitivity to ACTH. Although the mechanism underlying this line difference is not clear, several factors are known to influence the responsiveness of the adrenal gland to ACTH. Among these are several peptides, such as β -endorphin, dynorphin 1-17, and vasoactive intestinal peptide. 9, 10 In addition, splanchnic innervation of the adrenal 11 and release of corticotropinreleasing hormone (CRH) at the level of the adrenal gland 12, 13 were found to control the sensitivity of the adrenal to ACTH. A difference in adrenocortical sensitivity to ACTH was also found in selection lines of rats. Rats genetically selected for low and high apomorphine susceptibility 14, 15 and Roman low-and high-avoidance rats 16 showed a similar difference in adrenocortical sensitivity to ACTH as the LAL and SAL mice. Moreover, LAL and SAL mice differ in apomorphine susceptibility and in avoidance behavior. 3, 6 This suggests that, independent of the selection criterion, certain behavioral, neurochemical and neuroendocrine patterns are strongly linked, although interpretation of these apparent correlates should be done with caution. T ABLE 1 presents an overview of the differences in HPA regulation between LAL and SAL mice under baseline conditions and after exposure to an acute stressor (forced swimming for 5 min).
In addition to the relatively reduced ACTH release and signs of adrenocortical hyperresponsiveness, LAL mice showed higher circulating corticosterone concentrations in response to an acute stressor (forced swimming for 5 min). 8 This is in agreement with another study in which LAL and SAL mice were exposed to novelty Plasma ACTH and CORT were measured under baseline conditions and 15 and 90 min after exposure to forced swimming. The mRNA expression was measured for hippocampal MR and GR as well as the MR/GR ratio and CRH in the hypothalamic PVN under baseline conditions and 24 h after forced swimming. Arrows indicate a significant difference compared with SAL mice or control (con) LAL or SAL mice. No arrow indicates that there is no significant difference.
A BBREVIATIONS : ACTH, adrenocorticotropic hormone; CORT, corticosterone; MR, mineralocorticoid receptor; GR, glucocorticoid receptor; PVN, paraventricular nucleus; CRH, corticotropinreleasing hormone.
stress. 17 In several other species (rats, chicken, and pigs), a higher activation of the HPA axis was found in passive coping animals compared with active coping animals. [18] [19] [20] The degree of activation of the HPA axis was found to be related to the intensity of stress experienced by animals. 21, 22 This suggests that passive coping animals like the LAL mice may perceive a higher intensity of the same stressor than active coping animals like the SAL mice. This bias for interpreting stressful stimuli as potentially threatening has been observed in several other selection lines of rats, [23] [24] [25] suggesting that the correlation between behavioral coping style and the HPA stress response holds across species.
LAL mice also showed a prolonged stress-induced increase in circulating corticosterone concentrations compared with SAL mice. 8 This may indicate an impaired glucocorticoid receptor (GR)-mediated termination of the stress response. GR dysfunctioning could also clarify the higher weights of thymus and spleen (GR-containing organs) in LAL mice than in SAL mice. 8 No line difference in GR mRNA expression was found in the hippocampus nor in the hypothalamus; 8 yet, a difference at GR protein level or GR function cannot be excluded. Further research is required to corroborate possible GR dysfunctioning in the LAL mice.
Although no basal line differences were found in the mRNA expression of hippocampal mineralocorticoid receptor (MR) or hypothalamic CRH, acute stress (forced swimming for 5 min) induced a significant upregulation in hippocampal MR mRNA and hypothalamic CRH mRNA 24 h later. 8 Due to the increase in MR mRNA, hippocampal MR/GR ratio was significantly higher in stressed LAL mice (F IG . 1). This finding is in agreement with another study, in which increased hippocampal MR immunoreactivity was observed 24 h after exposure of rats to forced swimming. 26 Hippocampal MRs display a tonic inhibitory function on the activity of the HPA FIGURE 1. Effect of forced swimming stress on MR/GR ratio in hippocampus (dentate gyrus and CA1 subregion) of LAL and SAL mice measured 24 h post-stress. The MR/GR ratio (determined by dividing the optical density of the mRNA expression of MR by the mRNA expression of GR per mouse) showed a significant treatment effect (F1,21 = 8.010, P = 0.010, pairwise comparisons after univariate ANOVA). Forced swim stress induced a significant increase in MR/GR ratio in LAL mice compared with SAL mice (P < 0.05) and LAL control mice (P < 0.01).
axis 27, 28 and have been implicated in the control of behavioral reactivity. 29 In this framework, an increase in hippocampal MR mRNA expression is thought to have implications for changes in the regulatory control of the HPA axis and behavioral coping in LAL mice. As a consequence, LAL and SAL mice may develop a distinctly different neuroendocrine and behavioral phenotype after chronic exposure to uncontrollable stress.
In general, it can be concluded that LAL and SAL male mice differ in baseline and stress responsiveness of the HPA axis, as shown by differences in ACTH release, adrenocortical responsiveness, circadian and stress-induced corticosterone release, and MR and CRH expression response profiles.
5-HT System
5-HT 1A Receptor Gene Expression and Function
In agreement with Korte et al . , 30 we showed that LAL mice had lower 5-HT 1A receptor gene expression and binding capacity in the hippocampus than SAL mice, 17, 31, 32 whereas no difference was found in dorsal raphe nucleus (T ABLE 2). 32 This lower 5-HT 1A receptor gene expression in LAL mice was associated with an attenuated functional response to 5-HT in CA1 hippocampal neurons. 17 Moreover, an attenuated responsiveness of postsynaptic 5-HT 1A receptors in LAL mice was found by measuring the hypothermic response mediated via postsynaptic 5-HT 1A receptor activation. 33 Thus, these data show fundamental differences in 5-HT 1A receptor functioning in the two mouse lines. To further investigate this line difference in 5-HT 1A receptor functioning, the effects of two 5-HT 1A receptor agonists were studied on the behavioral response of LAL and SAL mice in the forced swim test (see T ABLE 2). In general, 5-HT 1A receptor agonists decrease immobility behavior. [34] [35] [36] LAL mice subjected to this forced swim test showed significantly more immobility behavior than SAL mice. 8 Acute treatment with the full 5-HT 1A receptor agonist, 8-OH-DPAT, significantly reduced this high immobility behavior in LAL mice, whereas it reduced swimming behavior in SAL mice (A.H. Veenema et al ., unpublished observations). To discriminate between a predominant post-or presynaptic effect of 8-OH-DPAT, the preferential presynaptic 5-HT 1A receptor agonist, S-15535, 37 was used. In LAL mice S-15535 did not affect forced swimming behavior, whereas in SAL mice the same ligand reduced climbing behavior (A.H. Veenema et al ., unpublished observations). This suggests that the decrease in immobility behavior by 8-OH-DPAT in LAL mice was induced by predominant activation of postsynaptic 5-HT 1A receptors. In SAL mice, 8-OH-DPAT and S-15535 reduced swimming behavior, suggesting a predominant involvement of presynaptic 5-HT 1A receptors by this selection line. Others have reported differential behavioral effects of drugs acting on the 5-HT system due to line or strain differences in forced swimming behavior. [38] [39] [40] [41] Our data indicate that LAL and SAL mice differ not only in postsynaptic 5-HT 1A receptor function but presumably also in presynaptic 5-HT 1A receptor sensitivity.
5-HT Metabolism
In response to forced swimming, a clear line difference in brain 5-HT metabolism was found. LAL mice showed higher 5-HT content and attenuated 5-HT turnover in several brain regions compared with SAL mice (T ABLE 2) (A.H. Veenema et al ., unpublished observations). This may indicate a diminished activation of the 5-HT system in LAL mice in response to forced swimming. Furthermore, acute treatment with the 5-HT 1A receptor agonist, 8-OH-DPAT, decreased the 5-HT turnover in most brain regions in SAL mice subjected to forced swimming, whereas it had no effect on 5-HT metabolism in LAL mice (see T ABLE 2) (A.H. Veenema et al ., unpublished observations). This supports the idea that the anti-climbing effect of 8-OH-DPAT in SAL mice was induced by predominant activation of presynaptic 5-HT 1A receptors, resulting in a decrease in 5-HT metabolism. In contrast to SAL, no 8-OH-DPATinduced change in 5-HT metabolism was found in LAL mice, which suggests that the anti-immobility effect of 8-OH-DPAT was mediated by predominant postsynaptic 5-HT 1A receptor activation.
Thus, clear line differences in the expression and function of postsynaptic 5-HT 1A receptors and some indications for a difference in stress-induced 5-HT metabolism were found. The implications of these differences for changes in serotonergic functioning after chronic stress need further exploration.
Hippocampal Cell Proliferation
In the hippocampal dentate gyrus, the ongoing granule cell proliferation was found to be negatively regulated by stressful experiences and by elevated circulating levels of glucocorticoids. 42, 43 We hypothesized that the differential HPA (re)activity in LAL versus SAL mice is reflected in differences in hippocampal cell proliferation. Using Ki-67 as an endogenous marker for cell proliferation, under baseline conditions LAL mice had a slightly but significantly lower (85%) cell proliferation rate in the subgranular zone of the hippocampal dentate gyrus than SAL mice (A.H. Veenema et al., unpublished observations). Stress induced by three daily ip injections with the cell proliferation marker BrdU induced a reduction of almost 50% in hippocampal cell proliferation rate in LAL compared with SAL mice (A.H. Veenema et al., unpublished observations). This difference was accompanied by higher plasma corticosterone concentrations in LAL mice 24 h after the last injection. 43 This confirms the earlier found higher HPA reactivity in the LAL 8 and supports the idea that LAL mice perceive a higher intensity of the same stressor than SAL mice.
Using another acute stressor (forced swim stress for 5 min), it was again demonstrated that the number of BrdU-positive cells was suppressed in LAL but not in SAL (A.H. Veenema et al., unpublished observations). In LAL mice, this suppression may have been induced partly by the higher and prolonged release of plasma corticosterone compared with control LAL mice (A.H. Veenema et al., unpublished observations). However, in this experiment, corticosterone concentrations between stressed LAL and SAL mice were not different, presumably due to ceiling effects. This nevertheless suggests a resistance in SAL mice to the negative effects of corticosterone on cell proliferation. Alternatively, the suppressive effects of corticosterone might be compensated in the SAL mice by simultaneous activation of positive regulators of adult neurogenesis. The 5-HT 1A receptor is, in this respect, an interesting candidate. Activation of 5-HT 1A receptors increases adult hippocampal cell proliferation, 44, 45 and higher hippocampal 5-HT 1A receptor gene expression and function was found in SAL versus LAL mice. 17, [30] [31] [32] Further research is required to confirm this potential role of the hippocampal 5-HT 1A receptor in preventing the stress-induced decrease in cell proliferation in SAL mice.
In conclusion, LAL mice showed a slightly lower baseline hippocampal cell proliferation rate than SAL mice, and this difference was further amplified after exposure to acute stressors. Therefore, this line difference in cell proliferation might be a useful tool to study its role in coping with chronic stressors.
Line Differences after Exposure to Chronic Stress
Based on the line differences found after exposure to an acute stressor, it was hypothesized that LAL and SAL mice may develop a distinctly different neuroendocrine and behavioral phenotype after chronic exposure to uncontrollable stress. To this end, the sensory contact stress paradigm was used. In this paradigm a LAL or SAL male lives opposite an aggressive SAL male for 5 or 25 days. We found that this sensory contact stressor induced long-lasting changes in LAL mice, whereas in SAL mice only transient stress effects were found (for overview see TABLE 3).
After 1 day of exposure to a SAL male, corticosterone levels were significantly higher in LAL mice than in SAL mice, and this was still present after 5 and 25 days (A.H. Veenema et al., unpublished observations and Ref. 32) . Body and thymus weight were decreased in both mouse lines after 5 days (A.H. Veenema et al., unpublished observations), whereas after 25 days only LAL mice showed a reduction in body and thymus weight. 32 In addition, LAL mice exposed to a SAL male showed an increase in immobility behavior in their home cage compared with single-housed LAL mice and compared with SAL mice exposed to a SAL male (A.H. Veenema et al., unpublished observations). At a central level, time-dependent changes were found in response to sensory contact stress in LAL but not in SAL mice. After 5 days, LAL mice showed an upregulation in hypothalamic CRH and hippocampal dentate gyrus GR mRNA expression, whereas hippocampal MR remained unaffected (A.H. Veenema et al., unpublished observations). After 25 days, the initially upregulated CRH and GR returned to baseline, whereas severe downregulation of MRs in all hippocampal subfields was detected. 32 Time-dependent central HPA changes have been reported in other stress models. 46, 47 These time-dependent central changes may have important implications. First, the specific pattern of central changes may have specific consequences for behavioral reactivity and stress adaptation. 28, 48 Second, the order of central changes in LAL mice exposed to different durations of the sensory contact stressor can be important for understanding the development of alterations during The mRNA expression was measured for MR, GR, and 5-HT 1A R in the hippocampus (CA1 region and dentate gyrus) and for CRH in the hypothalamic PVN. +, significant increase; -, significant decrease; 0, no change, compared with control LAL/SAL mice.
ABBREVIATIONS: ACTH, adrenocorticotropic hormone; MR, mineralocorticoid receptor; GR, glucocorticoid receptor; CRH, corticotropin-releasing hormone; PVN, paraventricular nucleus; 5-HT 1A R, 5-HT 1A receptor.
chronic stress. It also shows that the duration of the stressor determines the pattern of stress symptoms that is observed. Third, despite the time-specific central changes in response to chronic stress, no clear time-dependent changes were found at the physiologic level (i.e., elevated corticosterone levels and decreased body and thymus weights were found after 5 days but also after 25 days). Stress-induced changes at the central level may, therefore, be of more significance in understanding the effects of stress on alterations in behavior, cognition, and mood.
Thus, sensory contact stress in SAL mice resulted in lower HPA reactivity during the first few days compared with LAL mice, and no long-lasting effects were found after 25 days compared with control SAL mice. This suggests successful coping by SAL mice. In contrast, the long-lasting changes in LAL mice may indicate failure of proper stress coping. To confirm the latter it would be of interest to investigate whether these deficits persist after cessation of the stressor and whether intervention with antidepressants can restore these deficits.
CONCLUSION
Based on the results obtained in LAL and SAL mice, we concluded that a difference in behavioral coping style, as displayed by the low-aggressive LAL mice and the high-aggressive SAL mice, is paralleled by differences in HPA regulation, 5-HT functioning, and hippocampal cell proliferation. The differences found under baseline and acute stress conditions (higher HPA responsivity, lower 5-HT functioning, and lower hippocampal cell proliferation rate in LAL compared with SAL mice) may be highly adaptive under natural circumstances. By using a genomic approach, we could identify several hippocampal genes involved in signal transduction pathways and cytoskeleton that were expressed at higher levels in LAL than in SAL mice. 31, 49 However, there may be a difference in the predisposition to stress-related mood disorders, like depression, in conditions where adaptation fails or may not be possible. The long-lasting, increased activity of the HPA axis in the sensory contact model in LAL mice and the changes in hippocampal MR/GR balance in these mice seem to indicate that the LAL mouse has serious problems in coping with the continuous presence of an aggressive neighbor. The physiologic changes point toward the development of a pathology in LAL mice. Individual differences, as expressed by these selection lines of mice, may therefore be a key in the search for factors that determine a differential susceptibility to stress-related mood disorders.
